Abstract-The future high luminosity upgrade of the Large Hadron Collider (LHC) at CERN will include 20 4.2-m-long Nb 3 Sn high gradient quadrupole magnets, which will be components of the triplets for two LHC insertion regions. In order to test these and four preproduction models, the vertical superconducting magnet test facility of the Superconducting Magnet Division (SMD) at Brookhaven National Laboratory (BNL) has been upgraded to perform testing in superfluid He at 1.9 K and 1 bar, the operational condition at the LHC. This has involved extensive modification of the 4.5 K cryogenics plant, including piping, compressors, and other upgraded components; a new vertical test cryostat, which can accept larger diameter magnets; a modernized power supply system upgraded with IGBT switches and fast shutoff capability, and that can supply 24 kA to test high field Nb 3 Sn magnets; and completely new data acquisition, signal analysis, and control software and hardware, allowing for fast, high precision, large volume data collection. This paper reports on the design, assembly, and commissioning of this upgraded test facility, and presents results of the first magnet test performed.
I. INTRODUCTION
T HE future high luminosity (HiLumi) upgrade of LHC at CERN will include twenty 4.2 m-long Nb 3 Sn high gradient quadrupole magnets which will be components of the Q1 and Q3 triplets for two insertion regions of the LHC. These magnets, denoted as MQXFA, will be supplied by the US Accelerator Upgrade Project (AUP), a collaboration of BNL, Fermi National Accelerator Laboratory, and Lawrence Berkeley National Laboratory. Each magnet will have four two-layer coils wound with 40-strand Nb 3 Sn Rutherford cable in order to generate the high field gradients necessary for the LHC HiLumi upgrade. Table I shows required operational parameters for these magnets, which include operating at currents up to 17.89 kA, known as the ultimate current. More information about the MQXFA magnets and the test requirements can be found in [1] , [2] . The authors are with the Superconducting Magnet Division, Brookhaven National Laboratory, Upton, NY 11973 USA (e-mail: Muratore@bnl.gov).
Color versions of one or more of the figures in this paper are available online at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TASC.2017.2781246 In order to test these and four pre-production models, the vertical superconducting magnet test facility of the SMD at BNL has been upgraded to perform testing in superfluid He at 1.9 K and 1 bar, the operational condition at the LHC. This has involved extensive modifications of the 40-year old, 4.5 K cryogenics plant and vertical test facility at the SMD. These upgrades include new piping, compressors, and other critical components; a new vertical test cryostat with a top plate and hanging fixture which can accept larger diameter and longer magnets, up to an actual length of 5 m; a 1.9 K heat exchanger; a newly designed warm bore tube; and a lambda plate designed with a novel sealing scheme to provide for both strength and minimum heat loss. In addition, the former short sample cable test facility 30 kA power supply has been upgraded with an energy extraction system using IGBT switches and fast shutoff capability, and new high energy dump resistors, and has been reconfigured to supply 24 kA to test high field Nb 3 Sn magnets.
We have also assembled completely new data acquisition, signal analysis, and control software and hardware, allowing for faster, higher precision, and larger volume data collection. This paper describes the design, assembly, and commissioning of the upgraded test facility, and reports on the first magnet test performed, on a mirror model, which consists of a single coil quadrant and an iron yoke which fills the space of the other three quadrants. The test facility and its upgrades can be discussed in four general areas: 1) cryogenics facility, 2) vertical test cryostat and magnet fixture, 3) power supply system with quench protection, and 4) data acquisition, control, and analysis hardware and software. 
II. CRYOGENICS FACILITY
The cryogenics facility with its large infrastructure and multiple vertical test cryostats at the SMD has been used since the 1970's to test superconducting magnets at 4.5 K (nominal) and up to 10 kA current for magnets mostly wound with NbTi conductor, and it has supported such projects as SSC, RHIC, and the present LHC insertion region dipole magnets. For use in the present HiLumi project, the facility had to be modernized and upgraded to test at 1.9 K and 1 bar, and up to 24 kA current for the state-of-the-art Nb 3 Sn MQXFA quadrupoles. BNL management funded the purchase of new parts and critical spares, preventive maintenance of critical components, and installation of backup systems to improve reliability and mitigation of risks inherent in a 40-year old facility. Fig. 1 shows a flow chart of the cryogenics facility and its components.
The main source of liquid helium is a 1500 W CTI Model 4000 Refrigerator/Liquefier with two reciprocating expansion engines rated at 250 rpm. With both expansion engines and a Koch Model 1600 Wet Expander, rated at 60 rpm, running, the liquefaction capability is 320 L/hr, with up to 17570 L storage capacity. Refrigerator upgrades included a new liquid nitrogen heat exchanger, doubling the number of inline purifiers to four, rebuilding of expansion engines and wet expander, and new diagnostic and control software written in LabVIEW.
The main He compressor is a 597 kW 2-Stage Mycomm 800 which, along with a 260 kW Sullair 350 compressor, can supply up to 210 g/s flow. These compressors have been refurbished with many new parts and the Mycomm has been equipped with a new "soft start" system to replace the old system of six mechanical contacts and which eliminates the unreliability of that old contactor start system. The start is now done with reliable electronics and LabVIEW programming to slow the ramp up to 480 V. In addition, a 373 kW Sullair 500 compressor has been provided as a backup in case of loss of the Mycomm during a test. Not shown in the picture is a "dirty gas" recovery system which has been refurbished with new hardware. Total gas storage is 8.5 × 10 6 L. Fig. 2 shows a flow chart of the new 1.9 K cooldown system. The vacuum pump is a 150 kW 2-stage Nash-Kinema, which pumps on the liquid He in a heat exchanger under the lambda plate in the test cryostat. Suction pressure is 0.0837 bar and it delivers 2.7 g/s at 1.9 K. Vapor pressure in the heat exchanger is 16 mbar. Cooling capacity is 40 W. Outdated control and diagnostic programming has been replaced with more efficient LabVIEW software. As with the other components of the cryogenics system, the vacuum pump has been refurbished with many new parts and critical spares have been purchased.
The SMD has five vertical test cryostats, of which the 6.1 mdeep Test Cryostat 2 was modified by inserting a new, redesigned inner He vessel, with 4.5 K heat shield, and which is rated at 5.86 bar, into the existing outer dewar and which extended the useful length by 200 mm, in order to accommodate wider and longer magnets, up to 5 m long, and can therefore accept the MQXFA quadrupole magnets, which are close to 5 m.
In addition, a new top plate assembly (76.2 mm-thick 304 stainless steel) has also been built with enough connector trees to accommodate the large amount of MQXFA instrumentation, including voltage taps, quench protection heaters, strain gauges, temperature sensors, and level probes. The top plate assembly also includes a G10-stainless steel bilaminar lambda plate, 24 kA vapor-cooled copper leads, two 1 kA NbTi leads for the CLIQ (coupling loss induced quench) protection system, a 1.9 K heat exchanger, and multiple liquid helium fill lines. Fig. 3 shows a rendering of the top plate. The lambda plate is below and not shown but is discussed in detail in [3] . The lambda plate is composed of a 38.1 mm-thick G10 plate bonded with Stycast 2850FT on top of a 19.05 mm-thick 304 stainless steel plate; the G10/stainless double layer is a compromise for lowering heat load and increasing strength, and getting a more reliable seal to the inner He vessel flange. Total heat load of the lambda plate has been calculated to be less than 1.4 W.
The seal of the lambda plate with the He vessel flange is a spring-energized face seal consisting of a cantilever spring made of Elgiloy (Co-Cr-Ni alloy) in a Teflon jacket and which compresses from the load of the lambda plate and hanging magnet by gravity. The load required to completely compress the seal is approximately 105 N/cm. The seal for this lambda plate is designed to reach full compression and optimal sealing with 23 kN, which is more than provided by the top plate and hanging magnet. The seal was designed to work such that all gaps can be handled if the seal is not fully compressed or the mating parts not completely flat. The seals for the warm bore tube and the 1.9 K heat exchanger are similarly spring-energized but in a radial configuration where the forces are applied radially by the insertion of the part rather than by gravity as is the case with the face seal. More details of the upgraded cryogenics facility and vertical test cryostat, including lambda plate details, are shown in [3] .
III. POWER SUPPLY AND QUENCH PROTECTION
For the main power supply to power MQXFA magnets, the previous 30 kA short sample cable facility power supply, which consists of two 15 kA power supplies in parallel, has been updated and modified to supply 24 kA to an inductive load. New electronics and feedback loop and PID tuning have been added to handle magnet-sized inductances, and filtering was re-configured to minimize the ripple. A schematic detailing the re-designed power supply can be seen in Fig. 4 . It is also showing that a fast energy extraction (EE) system (for quench protection) has been added by installing six IGBT switches and a 150 mΩ ceramic, non-inductive dump resistor for each power supply. Each dump resistor is rated to dissipate up to 5 MJ of energy during a quench. Values of dump resistance can be varied over a range (0, 30, 37.5, 50, 75, and 150 mΩ). The switches are fast as the IGBT turnoff time is about 1-2 µs. In addition, each IGBT is equipped with a specially designed snubber circuit to limit the maximum switching transient collector-emitter voltages to 800 V to avoid damage, and though each IGBT is rated at 3.6 kA, they are being limited to 2.0 kA for an added margin of protection. All IGBT devices are continuously being monitored during testing for such critical parameters as temperature, current sharing, and collector-emitter voltages. At a trip of the quench detector (QD), a fast data log of these parameters is generated to be analyzed for proper operation. Further details of this system can be found in [4] .
Another source of quench protection is the CERN-supplied CLIQ system, details of which can be found in [5] , [6] .This system, which will be used in the LHC instead of EE, supplies a damped RC oscillation with maximum amplitude 500 V, which is triggered by a quench detector trip, along with the QPH system, the power supply shutoff, and the fast data logger. The AC loss heating generated by the CLIQ signal creates added quench volume in the coils and therefore lowers the maximum quench temperature by spreading the energy. In order to verify CLIQ performance in the MQXFA testing, its connection to the magnet and the power supply system must be configured as shown in Fig. 5 . The string of diodes shown is necessary to keep current from back-flowing during ramping of the magnet during the first few thousand amperes. Also the configuration shown allows for the triggering of both CLIQ and EE independently when the QD trips. Therefore delays can be utilized in both systems to add versatility during quench protection studies when testing the pre-production MQXFA models.
The MQXFA quench detection system is based on a redundant scheme which relies on a number of voltage signals. When any one of the signals reaches its specified threshold voltage after a specified validation time, a fast discharge is instigated (current decays through dump resistor). These signals include: the half coil difference, whole coil, quarter coil differences, whole coil minus the calculated ramp induced voltage and SC lead voltages. See [3] for a detailed schematic and a table of nominal threshold voltages and validation times.
There are also designed into the system a number of interlocks which also rely on various signals which, if they do not meet specified conditions such as voltage threshold or on-off state, will instigate a slow discharge, with the dump resistor out of the circuit. These include: vapor-cooled lead voltages, QPH capacitor bank not charged, IGBT switch temperature or voltage too high, and many other monitored critical parameters. In addition, in Nb 3 Sn magnets experience voltage spikes due to flux jumps, so current-dependent voltage thresholds as high as several volts at low currents are necessary in order to avoid false QD trips. The variation of thresholds with current is set in the programming and so is automatic during ramps.
IV. DATA ACQUISITION
The older data acquisition (DAQ) system has been replaced by new National Instruments (NI)/LabVIEW hardware and software in order to provide the required faster and higher precision data collection. The main DAQ systems include a fast data logger, slow data logger/monitor, strain gauge DAQ, and QD DAQ. At this time, the fast logger has 128 differential channels with 16-bit ADC resolution and simultaneous sampling of up to 250 kHz and is used mainly for voltage taps. Slow logger has 64 18-bit channels for up to 500 kHz for monitoring of vapor-cooled lead voltages, splice voltages, SC lead voltages, temperatures, and other instrumentation. QD DAQ comprises 8 16-bit channels with up to 1.25 MHz sampling of signals used for quench detection, such as those listed above. Strain gauge DAQ has 60 22-bit channels with scanning of 30 channels each on two Agilent 34970A Data Acquisition/Switching Units with 250 channels/s scan rate. The number of DAQ channels can be expanded if necessary.
V. TEST FACILITY COMMISSIONING AND TEST RESULTS
The upgraded test facility was commissioned in late 2016 and early 2017 at 1.9 K. The first magnet tested was MQXFPM1, a mirror magnet with the first long coil of MQXFA cross-section. Up to that time, only short models had been tested, including a short mirror MQXFSM1 [7] . In addition to a campaign of spontaneous training quenches, mostly at 20 A/s, to verify the electric and mechanical stability of the long coil, there was also quench protection heater studies to determine minimum quench energy and quench delay for the three quench heater circuits, each having two strips on the inner layer, the outer layer high field region near pole, and the outer layer low field region near mid-plane [8] . Future MQXFA quadrupole magnet tests will also include magnetic field measurements, flux jump spike detection, ramp rate studies, and a quench antenna system to help locate quenches in regions where voltage taps do not exist. The production models will have only those taps needed for quench detection, as discussed earlier.
As can be seen by the quench training results in Fig. 6 for the MQXFPM1 magnet, there were 19 spontaneous quenches.
The magnet reached the nominal current in four quenches and the ultimate current by the tenth, showing that the long coil at least equaled the results of the short mirror test [7] . Out of the 19 quenches, 14 were in inner layer pole turn straight sections, which have the highest local field values. Only two quenches were in the outer layer, and these were the first quench and the third (first after thermal cycle). The last quench which was the highest at 19.241 kA, 7.6% higher than the ultimate, and was at 4.4 K, not superfluid; the previous quench was at 300 A/s and was similar to the 20 A/s quenches. The straight section voltage signals gave evidence that the location of the pole turn quenches were not the same. These facts imply that the magnet was still training at the end of testing.
VI. CONCLUSION
As can be seen by the results for the MQXFPM1 magnet commissioning test, the upgraded facility as described in this report successfully fulfilled the acceptance test requirements for the MQXFA quadrupole magnets which are being built and supplied to the LHC for the insertion region Q1/Q3 for the high luminosity upgrade. These requirements include operation at 1.9 K and 1 bar, powering up to 19.241 kA, and the proper protection of the magnet during quench tests. For the test of the MQXFPM1, quench protection included a newly designed and faster quench detection system, energy extraction with faster and state-of the-art electronic switching with specially designed IGBT circuitry and infrastructure, and future magnets will be using the already upgraded energy extraction system with a higher power and more versatile dump resistors, and twelve new quench protection heater firing units, which meet the requirements for quench protection heater systems in the LHC.
